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ABSTRACT 
 
Single molecule FRET (Förster Resonance Energy Transfer) has been recently 
widely used for monitoring the interactions between a protein and a nucleic acid. It 
typically requires a site-specific labeling of the protein, which can be labor-intensive and 
inefficient. In addition, for common dye pairs, the distance sensitivity of FRET lies only 
between 3-7 nm. In this report, we report on a newly developed fluorescence assay termed 
Protein Induced-Fluorescence Enhancement (PIFE), which circumvents protein labeling 
and displays sharp detection sensitivity in short distance regions, overcoming the inherent 
limitations of FRET. The enhancement of fluorescence is based on the photophysical 
phenomenon where the intensity of a fluorophore increases upon the proximal binding of a 
protein. Using BamHI, Rig-I, and RecA as test protein systems, we present a systematic 
calibration and characterization of the PIFE technique. We demonstrate that this method 
enables detection under 4nm distance range with the resolution up to a single base pair. 
The high resolution and short distance sensitivity combined with the ability to bypass 
protein labeling makes this assay a readily accessible method to study any protein-nucleic 
acid activity which is an effective alternative and a complement to single molecule FRET. 
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CHAPTER 1: INTRODUCTION 
 
1.1 Single-Molecule Methodology 
In the past twenty years, large breakthroughs were made in the detection of 
single molecules. Unlike an ensemble measurement, single molecule experiments 
can reveal the distribution of behaviors in a collection of molecules as opposed to 
simply obtaining an averaged behavior. Over the years, biologists and biochemists 
have embraced the power of single molecule fluorescence and many have started 
collaborating with experienced single molecule laboratories or developed expertise 
to tackle their own areas of interest(1-6). Although there are many methods for 
conducting single molecule studies, we will mainly focus on single molecule 
fluorescence detection.  
 
1.2 Förster Resonance Energy Transfer (FRET) 
FRET occurs when an excited fluorescent molecule (donor) transfers energy 
to a nearby fluorescent molecule (acceptor) via dipole-dipole interaction. The 
energy transfer efficiency depends on the distance between the donor and the 
acceptor fluorophore, the spectral overlap between the donor emission spectrum 
and the acceptor absorption spectrum, and the relative orientation of the donor 
emission dipole moment and the acceptor absorption dipole moment. For any two 
dye pairs, a large spectral overall between donor emission and acceptor absorption 
to maximize energy transfer as well as a large spectral separation between donor 
and acceptor emission to minimize donor leakage are desirable (Figure 1).   In 
biology, it is often used to study conformation changes of protein and protein 
complexes, nucleic acids, lipid distribution and transport, and membrane fusion. 
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Figure 1. a) Spectral overlap between Cy3 emission and Cy5 absorption. b) Emission of Cy3 and Cy5 are 
well separated to minimize donor leakage.  
 
In the context of single molecule FRET, Ro is defined as the distance where 
the energy transfer is 50%.  For the commonly used dye pair, Cy3-Cy5, the Ro has a 
value of 59 Å.. The FRET efficiency is then given as: 
 
          (1)
 
However, for the Cy3-Cy5 FRET pairs, if one sums the intensities of the 
fluorescence emitted from Cy3 in the presence of Cy5 and those emitted from Cy5 in 
the presence of Cy3 (FA, exciting at the same wavelengths), one gets the same total 
intensity as one would get from Cy3 in the absence of Cy5 (FD), making the equation 
down to: 
         (2)
 
As shown in Equation [2], FRET is a ratiometric measure of distance that is 
independent of the power of excitation laser. By measuring the fluorescence 
intensities of the two dyes from exciting only the donor, we have a way of measuring 
the distance between the two nearby molecules. 
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Figure 2.  a) Distance dependence of FRET efficiency. At R0, Cy3 (green donor) transfers half of its energy 
to Cy5 (red acceptor).  b) Change of FRET (slope) is the most prominent around R0, 6nm.  
  The FRET sensitivity lies at 3-7nanometer distance range(Figure 2), and 
thus FRET is often referred to as a “spectroscopic ruler”.  Single molecule FRET  can 
be applied to study both inter and intra molecular interactions in biological 
molecules such as DNA, RNA, and protein. 
 
1.3 Fluorescence Enhancement in Stopped-Flow Experiments 
Although never termed PIFE, the protein induced fluorescence enhancement 
effect has been exploited in bulk solution measurements. In 2002, stopped-flow 
assay was used to monitor a directional movement of an enzyme on a fluorescently 
labeled single stranded DNA (ssDNA). For example, the ssDNA which is 
fluorescently labeled at the 3’ end will show an increase in fluorescence upon 
movement of a protein from 5’ to 3’ direction. When performed on different lengths 
of single stranded nucleic acids, information about the kinetic steps in the 
translocation was revealed(7).  In order to conduct a single turn-over measurement, 
a protein trap was added to prevent rebinding of free protein to the DNA, ensuring 
only one round of translocation (8, 9). 
 
1.4 Single Molecule Protein Induced Fluorescence Enhancement (smPIFE)  
In 2007, Xie et al reported the use of fluorescence intensity as a readout of a 
intensity change when a polymerase complex is bound to a DNA substrate (10). This 
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is the first reported example  which demonstrated that protein enhances 
fluorescence  by proximal binding to a fluorophore at the single molecule level.  
 
 
Figure 3. a) Labeled Rep translocating on ssDNA can be observed by an anticorrelated change in Cy3 and 
Cy5 intensities(top panel), which can be calculated to FRET (bottom panel).  b) Unlabelled Rep 
translocation can also be monitored by intensity fluctuations of Cy3 alone. 
Myong et al discovered an unexpected behavior of repetitive translocation of 
an E. Coli helicase, Rep which was observed by single molecule FRET experiment.  
The donor labeled Rep translocating on acceptor labeled DNA yielded a sawtooth 
pattern of FRET change (Figure 3a).  Empirically, they noticed that  unlabeled Rep 
translocating on Cy3-can be monitored by the intensity fluctuation alone(Figure 
3b).  This observation of single molecule PIFE led to more interest in how one can 
report on its proximity to an interacting protein. 
After their initial observation, Myong et al identified a translocational 
movement of an antiviral protein, RIG-I on double stranded RNA(11). . Following 
this work, , Park et al reported on PcrA which showed a repetitive translocation 
mediated by looping of single stranded DNA using both smFRET and smPIFE (12).  
In this example, PIFE was used to validate the FRET data, which clearly validates the 
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use of PIFE as an alternative method to FRET.  In order to establish PIFE as a 
spectroscopic ruler and to compare its range of distance sensitivity to FRET, we 
sought to calibrate the PIFE method by employing three different protein systems 
which is detailed in the following sections.   
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CHAPTER 2: SINGLE MOLECULE FLUORESCENCE MICROSCOPY 
 
2.1 Slide Preparation for Single Molecule Experiment 
 Immobilization of molecules to an imaging surface is important for studying 
conformational changes of individual molecules over an extended time period. For 
protein studies, we use a quartz slide coated with a polyethylene glycol (PEG) that 
reduces the nonspecific protein adsorption to the surface. A dense layer of PEG is 
formed onto the glass surface forming a “polymer brush” that prevents surface 
interactions with the protein. A small percentage of the PEG polymers are end-
modified to biotin in order to immobilize neutravidin, which can further immobilize 
biotinylated molecules. Briefly, the slides and coverslips are cleaned and treated 
with methanol, acetone, KOH, burned, functionalized with aminosilane, and coated 
with a mixture of 97% m‐PEG and 3% biotin‐PEG(13). 
 
2.2 Prism Type TIRF for FRET and PIFE 
 
Figure 4. Prism-type TIRF microscope with excitation and emission schematic. The inset shows how total 
internal reflection occurs at the interface between the quartz slide and water.  
 Prism type total internal reflection microscopy, shown in Figure 4, is used to 
acquire single molecule  FRET and PIFE data(14). In the excitation pathway, a pair 
of half wave plate and polarizing beam splitter is placed to offer fine-tuning of the 
laser beam. The 532nm Nd:YAG laser beam is focused on a prism at a large incident 
angle that reflects the beam so that it exits the opposite face of the prism and creates  
an evanescent field of illumination at the quartz-water interface on the prism side. 
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The large critical angle also helps reduce the background due to the laser scatter. 
 In the emission detection pathway, a water‐immersion objective is used to 
collect the fluorescence signal and a 550nm long‐pass filter is used to remove the 
scattered light.  The collimated image is split into Cy3 and Cy5 emissions.  A slit is 
used to limit the image size to only half the size of the CCD chip, and a small offset is 
created by a 630nm dichroic mirror and sent to a CCD camera. (this needs 
rewording) In the case of PIFE, the identical optical path was used and Cy5 signals 
were discarded. Data is recorded, at a time resolution of 0.1s, as a stream of imaging 
frames and analyzed with scripts written in IDL to give fluorescence intensity time 
trajectories of individual molecules (14). 
 
2.3 Confocal TCSPC Microscopy for Lifetime Measurement 
 
Figure 5 TCSPC microscope 
For fluorescence lifetime measurements, a Time-Correlated Single Photon 
Counting microscope is used(15). This method is based on detection of individual 
excitation-relaxation events of single photons.  The time delay between excitation 
and emission of each photons  are recorded and the collected data is translated to 
the lifetime of the fluorophore as described in more detail below.  . A confocal 
microscope is used with a 532 nm pulsed laser, a piezo-controlled electric stage 
nanopositioner and a Nanodrive 2-axis control system. The laser beam is divided by 
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a beam splitter into two pathways. The first was directed to the photodiode, while 
the second one was reflected by a dichroic mirror and focused on the sample by an 
oil-immersion objective. The emitted light (yellow) is collected by the objective, 
focused through a pinhole, and imaged onto the avalanche photodiode (APD). Then 
both signals, from the APD and photodiode, are sent to the Time Correlated Single 
Photo Counter (TCSPC) device as shown above. First, a 20x20 um2 area is raster-
scanned in a 256x256 pixel matrix to determine the donor emission intensity at 
each pixel site. The resulting intensity map was used to determine coordinates of 
the immobilized single molecules by Gaussian fitting the corresponding bright spots 
on the map. Molecules were then one-by-one excited by the pulsed laser and the 
signals from the APD and photodiode were collected by the TCSPC.  The delay time 
between the signals and the global time the signals arrived were measured and used 
to construct intensity and lifetime traces for all the molecules. To extract the 
lifetime, photons were divided into groups of 500 contiguous photons. For each 
group, a delay time histogram distribution was built and fitted by one-exponential 
decay curve using Maximum Likelihood Estimator algorithm. Lifetime values can 
then be plotted against the global time to make the molecule’s lifetime trace. 
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CHAPTER 3: MECHANISM of PIFE 
 
3.1 Observance of Fluorescence Enhancement by Cyanine Fluorophores 
Aramendia et al. showed that fluorescent quantum yield increases upon an 
increase in its local viscosity due to the decrease in the non-radiative decay rate 
mediated by the cis-trans isomerization of the fluorophore in the excited state(16). 
Viscosity does not change the radiative decay rate. Their results indicate that the 
viscosity of the solvent is related to the isomerization rate through Arrhenius 
equation, Kiso  
 
Kiso = f()exp(-E0/RT)       (3) 
 
where E0  is the height of the energetic barrier for isomerization, an intrinsic 
molecular property of the dye and independent of solvent, R the ideal gas constant, 
and T the temperature in Kelvin.  
 
3.2 Prediction of Viscosity Effects on Quantum Yield and Fluorescence Lifetime  
PIFE is caused by the increase in local viscosity due to the proximity of the 
protein. The immediate prediction of this mechanism is when the protein proximity 
makes the fluorophore brighter increasing the quantum yield:  
 
  = kf/(kf+knr).        (4) 
  
Apparent fluorescence lifetime is governed by  
 
=1/(kf+knr)          (5)  
  
where kf is the radiative decay rate, which does not change with the local viscosity, 
and knr is the non-radiative decay rate, which decreases with the increase in local 
viscosity. Hence, fluorescence lifetime  would increase with viscosity. 
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3.3 Cis-trans Isomerization of Cy3 and Cy3B 
In 2007, Sanborn et al observed that the photophysical behavior of Cy3 is 
different in free solution than when it is covalently attached to DNA(17). They 
interpreted that the difference can be explained by the trans-cis isomerization 
reaction from the first excited singlet state of the cyanine dye. (correct this 
sentence) Cy3 can undergo cis-trans isomerization between the two rings in the 
following manner: 
 
Figure 6 trans-cis isomerization of Cy3. 
The quantum yield of Cy3 can be modeled as  
     (6) 
where  kf  refers to the radiative fluorescence rate, kic is the rate of internal 
conversion, and knt is the rate of twisting process that initiates isomerization. 
Isomerization as shown in Equation 6 is an activated process and dependent on 
viscosity and temperature. Furthermore, since it is a large molecular movement, it is 
dependent on local microscopic viscosity.  
They also used Cy3B as a model to study Cy3 isomerization. Cy3B, shown in 
Figure 7,  has two rings are connected by another ring which provides a rigid 
backbone that prevents isomerization, such that kNT= 0 in Equation 6. Thus, the 
fluorescence quantum yield and lifetime for Cy3B are much larger than free Cy3.  
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Figure 7 Cy3B Structure 
Sanborn et al. also provided some notable values that can be used for 
comparison.  Free Cy3B has lifetime value of 2.7 ns, while free Cy3 is 0.18ns. 
Compared to free Cy3, Cy3 attached to 5’-ssDNA, 5’-dsDNA, and internally labeled 
ssDNA have following lifetimes of 2.0 ns, 0.82, and 1.9 ns respectively. 
 
3.4 PIFE Is Correlated with Lifetime  
 
Figure 8 Fluorescence lifetime and intensity of Cy3 during Rep translocation 
Unpublished data from the Myong lab, predicted that fluorescence lifetime 
through time-correlated single photon counting (TCSPC) analysis of Cy3 would 
correlate to Cy3 intensity during repetitive shuttling of Rep helicase on a single 
stranded DNA. Fluorescence enhancement is directly proportional to the increase in 
lifetime of a fluorophore. Figure 8 is an example trace where Rep helicase’s 
shuttling motion, monitored by PIFE (bottom), can be visualized by changes in  the 
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lifetime of a single dye on DNA (top). TCSPC microscopy was used for fluorescence 
lifetime measurements. Lifetime  is an inherent parameter of the fluorescence dye 
which is governed by its radiative decay rate kf and non-radiative decay knr. Cy3 dye 
was conjugated to the DNA in the experiment has a lifetime of about 1.2ns in the 
absence of the protein. When Rep shuttles on DNA containing Cy3, changes in 
lifetime of Cy3 is also seen. This effect can be explained by the proximity of Rep 
which enhances the lifetime of Cy3 by reducing the rate of its non-radiative decay.  
 
 
13 
 
CHAPTER 4: PIFE SENSITIVITY MEASURED BY POSITIONAL BINDING OF BAMHI 
 
4.1 Introduction 
For a particular dye pair specifically Cy3 and Cy5, FRET is sensitive in the 3 
to 8 nm range. However, the distance sensitivity and the resolution of PIFE have not 
yet been characterized.  Knowledge of the sensitivity of  the PIFE method will enable 
one to utilize it as an independent single molecule assay, which can serve as an 
alternative or complement of FRET.   
 
4.2 Experiment 
We employed BamHI, a restriction enzyme that binds to a unique recognition 
sequence GGATCC on double-stranded (dsDNA). This system was chosen because 1) 
it enables precise positioning of protein binding at a known distance away from the 
fluorophore  and 2) dsDNA has a rigid structure that allows for accurate distance 
estimation. As shown in Figure 9, we designed 40 base pairs (bp) dsDNAs bearing 
the Cy3 fluorophore at the 5’ end, BamHI recognition sites at 1,2, 3, 5, 7, 10, 12, and 
15 bps away from the Cy3, and biotin at the 5’ end of the other strand. Each DNA 
construct was immobilized to a polymer coated quartz surface via 
biotin‐neutravidin attachment.  
 
Figure 9.  BamHI recognition sequence (blue) was placed at a known distance away from Cy3  
 
4.3 BamHI-binding DNA Constructs 
 Oligonucleotides to make the DNA duplex substrates were purchased from IDT 
DNA. The sequences used are listed with the BamHI recognition site colored in red 
(Table 1). 
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Table 1. DNA constructs for BamHI binding 
 
 
 The 35bp‐site construct used for a control experiment had the following 
sequence: 5’‐CGT ATG GAT CCA TAC GTA GCG TAG CGT AGC GTA GCG TAG G/Cy3‐3’ 
and 5'‐CCT ACG CTA CGC TAC GCT ACG CTA CGT ATG GAT CCA TAC G/3BiosG‐3’.  
Cy3B‐5bp site DNA was achieved via labeling of amino modified oligonucleotides 
with Cy3B monofunctional N‐hydroxysuccinimidyl (NHS) ester, following the 
instructions of the supplier (GE Lifesciences). Briefly, 10 nmoles of amino modified 
oligonucleotides in 20uL of 50mM sodium tetraborate buffer pH 8.5 and 100nmoles 
of Cy3B NHS ester dissolved in DMSO was added and incubated with rotation 
overnight at room temperature. The labeled oligonucleotides were purified by 
ethanol precipitation.  The complementary DNA strands were annealed by heating 
at 95oC for 2 minutes and slowly cooled to room temperature. 
 
4.4 Results 
 DNA intensities were measured to confirm that DNA alone does not display 
signal fluctuations.  Over 95% of the single molecule traces reveal that the intensity 
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is stable over 2 to 3 minute period without signal fluctuations (below Figure 10).  
 
Figure 10. a) Representative DNA only traces b) Histogram of normalized cumulative intensity traces 
 Figure 10 shows the histogram of cumulative intensity of 30 molecules (Xc = 
1.04). Intensity histograms are normalized to the unbound (lowest) peak intensity 
from each trace. In this case, there is only one peak. Normalized count (the y-axis) 
takes into account the length of the trace so that every trace is weighted equally.  In 
addition, the overall intensity histogram obtained from DNA‐only data serves as a 
reference to which PIFE data is compared.   
 PIFE data is taken by flowing in the buffer (50mM Tris-HCl pH8, 10mM CaCl2, 
100mM NaCl) containing BamHI (800nM) to the DNA bound surface while 
maintaining the laser excitation level and the illumination field constant to minimize 
any external perturbation to the fluorescence signal. Calcium was used in place of 
magnesium to prevent BamHI-mediated cleavage.  In this way, we were able to 
observe the site specific labeling of BamHI without DNA cleavage. Upon addition of 
BamHI to DNA, Cy3 signals became brighter immediately (below Figure 11).  
 
Figure 11. Image acquired of the DNA constructs with binding site 1 bp away from Cy3 end  b) Image of 
the same DNA after addition of BamHI. Cy3 intensities become brighter. 
 In addition as a functional test, magnesium was added to trigger the cleavage 
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at the end of the experiment and fluorescence was lost immediately. For constructs 
with binding sites 3bp and further from Cy3, fluorescence was immediately lost 
after BamHI was flowed in. For 1bp and 2bp away from Cy3, BamHI did not 
successfully cleave. This is because a 3 base pair flanking sequence is required for 
effective cleavage(18).  
 
Figure 12. (top) A representative single molecule trace obtained from 1 bp-away site showing BamHI 
binding and dissociation as an abrupt increase and decrease in fluorescence signal. The raw intensity is 
normalized to the DNA only intensity (bottom left) and built into a histogram of fold increase for the 
single molecule (bottom right).  
Figure 12 (upper panel) shows a representative single molecule trace taken 
from a DNA containing the 1bp‐away site, which shows a dynamic fluctuations in 
Cy3 signal indicating a frequent binding and dissociation of BamHI. Such effect is 
more pronounced for 1bp and 2bp sites due to the unstable binding expected from 
the short flanking sequence on DNA (18).  
 
Figure 13 Normalization process for three representative molecules. a) Representative traces b) 
Histograms from the intensities are built for individual molecules. c) Each trace is normalized to their 
unbound intensity d) Cumulative histograms can be built based on 200 molecules.  
 
 
17 
 
Single‐molecule fluorescence time trajectories were viewed and analyzed 
using Matlab. The intensities collected from a single molecule was normalized to the 
lower i.e. unbound intensity value and plotted as a histogram (Figure 13 and 14) 
with the x‐axis in the unit of “fold increase in intensity”. Binding events were 
selected for BamHI protein system. Fluorescence intensities were binned and fitted 
to two Gaussian distributions, representing the intensities of the DNA‐only region 
and that with protein‐bound.  A fold increase was calculated with BamHI, fold 
increases from over 200 molecules were all plotted together in a histogram from 
individual molecules,  and each DNA construct to get the distance sensitive curve 
shown in Figure 14. 
 
Figure 14 a) Cumulative histograms of intensity fold increase built from over 200 molecules for 1, 3, 7, 
10 bp-away sites. b) Summary of distance dependent PIFE. 
The intensity fold increase analyzed from all the sites displayed a 
distance‐dependence in the range of 1bp to 10bp with the maximal increase of 2.7 
fold at the closest (1bp) site.  The maximal fold increase of fluorescent signal was 
independent of the laser intensity applied (Figure 15). This means that the maximal 
fold increase should be independent of the power used or the laser setup.  
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Figure 15 a) Sample traces from 1bp –site DNA after addition of BamHI from movies of low (top) and 
high (bottom) excitation levels. b) Raw intensities are used to build histogram distributions. The 
intensity fold increase is about 2.5 fold regardless of the level of excitation intensity.  
The large difference seen between 1bp and 2bp, which may be in part due to the 
asymmetric binding of BamHI to dsDNA helix, (18) indicates that PIFE can resolve a 
single base pair distance especially in the extreme vicinity of the fluorophore 
(Figure 14B). Cy3B (pink) did not show any PIFE effect as expected.  
 
4.5  Lifetime Measurements of BamHI on dsDNA 
Table 2 Fluorescence Lifetime (ns) of DNA before and after addition of BamHI 
 
Fluorescence lifetime measurements performed on the same set of DNA 
constructs also show a similar distance‐dependent relationship (Table 2)(15). Such 
changes were not observed with Cy3B, a non‐isomerizable analog of Cy3, verifying 
the cis‐trans isomerization as the basis for the PIFE effect. These values are 
comparable to the fluorescence lifetime values of 5’-dsDNA reported previously 
(17).  
 
4.6 PIFE Observed Also with Cy5 
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The PIFE effect, at bulk, is not limited to Cy3. Cy5 and other cyanine dyes 
have been used to monitor fluorescence enhancement in stop-flow experiments.  
The structure of Cy5 is as follows: 
 
Figure 16. Cy5 Structure 
We labeled our 5’-DNA with Cy5 instead of Cy3 and repeated the 1bp-site 
experiment. We expected Cy5 to have an increased maximal fold increase in 
intensity at 1bp-site data, due to increased double bond linkers and hence increased 
cis-trans isomerization. However, from our results, Cy5 showed only a 1.9 fold 
increase for the 1‐bp site.  This is less than the maximum value for Cy3 (2.6 fold), 
and may be due to the observation of the cis-state not being completely dark, but of 
a lower emission intensity(19). 
 
Figure 17. a)Cy5-labelled DNA (1bp away site) shows fluctuations that represent binding and unbinding 
of BamHI to DNA. B) Cumulative histogram from over 50 traces yield about 1.9 fold increase in intensity, 
which is lower that the fold increase seen in Cy3 
4.7 Controls with Other Restriction Enzymes and at Far Distances 
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Figure 18. Cumulative histogram for 35-bp from Cy3 site yields a fold increase of 1.3. 
As control experiments, we tested two nonspecific restriction enzymes, 
HindIII and XhoI, which rendered extremely low binding occurrence (<5%). BamHI 
binding to 35bp‐away site yielded about 1.3 fold increase after the addition of 
BamHI (800nM). The sequence used here is the following: 5’ CGT ATG GAT CCA TAC 
GTA GCG TAG CGT AGC GTA GCG TAG G/Cy3 3’ and 5'‐ CCT ACG CTA CGC TAC GCT 
ACG CTA CGT ATG GAT CCA TAC G/3BiosG. The level of increase seen here is similar 
to that of 12bp and 15bp‐away sites shown in Figure 14b, implying that this 
represents a basal level of PIFE on account of protein binding outside the PIFE 
sensitive distance.  
 
4.8 Discussion  
 
Figure 19. Linear sensitivity of BamHI compared to FRET 
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From the BamHI binding to dsDNA data, it seems that BamHI displays a 
sharp PIFE sensitivity in the 10 base pair range.  It seems that PIFE on BamHI is 
sensitive in distance regions where FRET is insensitive. Considering the PIFE effect 
between the 1 and 2bp distances, we observe the asymmetrical binding of BamHI 
onto dsDNA show orientation effects, that are also observed on FRET (20).  This 
indicates that PIFE is as sensitive as FRET down to 1 base pair.  
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CHAPTER 5: PIFE SENSITIVITY EXHIBITED BY TRANSLOCATION OF RIGH 
 
5.1 Introduction 
RigI is a cytosolic multidomain protein that detects viral RNA and elicits an 
antiviral immune response shown to translocate on dsRNA in the presence of a 5’-
triphosphate PAMP(11).  RIGh, a RigI truncation mutation that lacks both CARD 
domains can be stimulated without the presence of 5’-triphosphate on RNA.  
Previously, when ATP was added with RIGh, a periodic fluorescence fluctuation was 
detected and indicative of a repetitive directed movement of the protein along the 
axis of dsRNA without unwinding it, termed translocation.   
 
5.2  Experiment 
To determine the distance dependence of PIFE using a motor protein, we looked 
at RIGh translocating on 20, 30, and 40 bp labeled DNA-RNA hybrid with Cy3 label 
to determine the distance sensitivity of PIFE. A schematic is shown below in Figure 
20. 
 
Figure 20. Schematic of RIGh translocation on RNA:DNA heteroduplex 
 The RIGh system was chosen because 1) the PIFE effect of RIGh can be 
directly compared to the BamHI data since they both interact with a duplex nucleic 
acid 2) the translocation of RIGh yields a continuous readout of PIFE as the protein 
moves along the duplex axis and 3) the highly repetitive cycles of translocation 
exhibited by RIGh enables monitoring multiple rounds of translocation signals from 
one RNA molecule, which reduces the level of heterogeneity in the data analyze.  
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5.3 Experimental Conditions and RNA constructs 
100nM of RIGh protein was added with ATP (2mM) in buffer containing 20 
mM Tris–HCl, pH 7.5, 5 mM MgCl2, 10 mM KCl, 4% (w/v) glycerol, in the presence of 
oxygen scavenging system of 1 mg/ml glucose oxidase (Sigma), 0.4% (w/v)D-
glucose (Sigma), 0.04mg/ml catalase (Roche), and 1% v/v 2- mercaptoethanol 
(Acros). 
The DNA substrates were purchased from IDTDNA  with the following 
sequence: 
20bp: 5’- /5Biotin/ATA CAA  ACA TTT TTA TTT CC/3Cy3Sp/ - 3’ 
30bp: 5’- /5Biotin/ATA CAA ACA TTT TTA TTT CCT TTT TAA TTT /3Cy3Sp/ -3’ 
40bp: 5’- /5Biotin/ATA CAA ACA TTT TTA TTT CCT TTT TAA TTT AAT TTA ATT 
A/3Cy3Sp/ -3’ 
The complimentary RNA strand was also ordered. Partial duplexes were 
prepared by mixing top and bottom strands of the oligonucleotides at a molar ratio 
of 1:1.6 (biotinylated to non-biotinylated strands) in 10mM Tris-HCl pH8, 50mM 
NaCl, incubating at 80C for two minutes, then cooling slowly down to room 
temperature for two hours.  
 
5.4 Results 
 
Figure 21. a) Represented single molecule trace of RIGh translocation on 40bp duplex . The minimum 
and maximum intensities (arrows) were used to generate normalized histograms. b) Cumulative 
histograms for 40bp (left) and 20bp (right) DNA constructs both indicate a 2.6 fold increase. 
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 The single molecule trace shows an abrupt increase followed by a gradual 
decrease which is interpreted as RIGh binding the substrate adjacent to the Cy3 
fluorophore and its translocation on the 40bp duplex respectively. The highest and 
the lowest intensity values collected from 80 traces from both the 20bp duplex and 
also the 40 bp duplex indicate the maximal increase of 2.6 fold in intensity which is 
similar to the case of BamHI (Figure 21).  This result indicates that the maximum 
increase of 2.6 fold intensity obtained from BamHI and RIGh may not be protein 
dependent but more general. 
 
5.5  Binding Occupancy 
 
Figure 22. a) Typical translocation traces of RIGh on 40bp RNA b) Averaged translocation event from 40 
traces 
 To obtain PIFE sensitive distance range, translocation events of similar 
periodicity were selected from 40 traces and overlaid for 20, 30 and 40bp (Figure 
22). We calculated the binding occupancy of RIGh using the translocation dwell 
times of 20, 30 and 40bp.  This was done through fitting Gaussian functions to dwell 
times of the translocation from each of the duplex lengths. The mean dwell times 
increased as the duplex length increased (Figure 23a).  The binding occupancy can 
then be taken from the x-intercept when the dwell times are plotted (Figure 23b).  
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Figure 23. a) Dwell times of RIGh translocation on 20, 30, and 40 bp duplexes were collected and 
represented as histograms b) Average dwell times were plotted against the duplex length and fitted to a 
line. The x-intercept (5bp) indicates the binding occupancy of RIGh. 
  The resulting 5bp binding occupancy indicates that we observe 15, 25 and 
35bp translocation of RIGh in single molecule traces. The overlay plot displays a 
linear decrease in the initial phase (gray bar) followed by a departure to a nonlinear 
pattern at 0.51s. The linear phase corresponds to approximately 12bp, which is a 
similar to the distance range observed with BamHI (Figure 24a). 
 
Figure 24. a) Linear regression plotted against time. b) PIFE sensitivity for each construct calculated as 
the product of distance traveled and the proportion of linearity  
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  In addition, the sharp drop seen in the first two data points is likely due to the 
protein movement of 1bp as seen in BamHI case. From the dwell times and their 
linear portions, we calculate PIFE on RIGh to be sensitive to 12bp on DNA-RNA 
heteroduplex. 
 
5.6  Discussion  
 
Figure 25. Linear sensitivity of BamHI and RIGh compared to FRET 
 
 Taken together with BamHI, PIFE assay allows detection over a 0 to 4 nm 
distance range and the shape of PIFE along this distance may be protein dependent 
(Figure 25). In addition, PIFE sensitivity seems similar on double stranded nucleic 
acids, as seen on BamHI and RIGh.  Again, with Cy3 and Cy5, the PIFE effect is 
sensitive in a region where FRET is insensitive.  
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CHAPTER 6: PIFE DETECTION OF RECA MONOMER BINDING 
 
6.1 Introduction 
 To demonstrate that RecA which forms filament along ssDNA to investigate the 
PIFE effect on ssDNA. We employed the experimental condition used by Joo et al. 
where single monomers of RecA binding on ssDNA was visualized by FRET(1). We 
used a partially duplexed DNA with a 3’ Cy3 labeled 13 nucleotide (nt) tail length to 
which up to 4 RecA molecules can bind (Figure 26). 
 
Figure 26. Schematic of RecA monomers forming a filament on the single stranded portion of a partial-
duplex DNA.  
 
6.2 Experimental Conditions and Constructs 
 
Figure 27. Monomer binding and unbinding is observed with FRET on pdT13. 
Previously in Joo et al, the authors formed the filament on pdT13 in the 
presence of ATPS without ATP, and then washed it off. Then, ATP and up to 100nM 
RecA were added and the FRET dynamics were monitored. They saw 4 transition 
states, after fitting to the Hidden Markov Model and characterized the kon and koff 
kinetic rates for each monomer binding and unbinding.  
 
6.3 PIFE for Monomer Binding 
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On partially duplexed 13 nucleotide tail length of DNA, we obtained PIFE 
data. Similar to Joo et al, the sequence of the ssDNA with 3’ tail is 5’- TGG CGA CGG CAG 
CGA GGC -(T)13- 3’ and that of the biotinylated ssDNA forming the dsDNA is: 5’-GCC TCG 
CTG CCG TCG CCA-biotin-3’(1).  We optimized the illumination to obtain a narrow 
peak with well-defined intensity for DNA only condition. Figure 28 is a 
representative single molecule trace that shows multiple levels of intensities 
induced by RecA monomers binding and dissociation as expected from the low 
protein concentration applied (10‐50nM).
 
Figure 28. Typical single molecules PIFE trace showing monomers binding and unbinding to pdT13. 
6.4 Clustering Algorithm 
 
Figure 29. Intensity histograms of DNA only from the clustering algorithm show a narrow peak for DNA 
only (top) and distinct peaks corresponding to each monomer binding after RecA was added (bottom).  
 We selected 200 traces which exhibited intensity fluctuations and generated a 
histogram of the normalized intensity using a cluster analysis. Traces that showed 
the DNA‐only intensity level and at least three additional states were selected 
(Figure 29). 
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Figure 30. a)Selected traces for the clustering analysis b)The states plotted as a histogram c) Histogram 
is then normalized to cluster centers and plotted.   
  A k‐means clustering algorithm from Matlab was applied with 4‐states. K‐ 
means clustering was implemented again, with 5 monomer states, to obtain fold 
increases on each monomer binding state. These distinct states remain consistent 
over different experimental conditions, included varying protein concentration from 
10nM RecA to 50nM RecA. Five well‐separated histogram peaks emerged which 
represents DNA only, one, two, three, and four monomer bound states (M0, M1, M2, 
M3, M4) (Figure 29 and 30). Traces that show at least 4 states are selected. K‐ 
means clustering is done to identify the states in each trace (red lines). These states 
are plotted as a histogram. The states are then clustered again using k‐means. The 
number of clusters are set to the expected number of states + 1 (M0, DNA only state) 
of monomers binding. In pdT13, we expect 5 states. Cluster centers that contain less 
than 10% of the total states are disregarded. The normalized intensity data collected 
from five independent measurements yields highly reproducible PIFE changes of M0 
to M4 distribution.  
 
6.5 Lifetime Data 
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Figure 31 Lifetime measurements taken for DNA only (left) and with ATPS in the presence of 1uM RecA 
(right).  
PIFE data was taken from pdT13‐DNA after addition of RecA and ATPγS. In 
the presence of ATPγS, we expected to have maximal enhancement because the 
filament is more stable.  Like in the presence of ATP, RecA monomers with ATPγS 
seem to bind and disassociate on pdT13, giving multiple intensity states. 
Fluorescence lifetime were measured with the TSPSC and plotted into a histogram 
from before and after 10 minutes of incubation with 1uM RecA and ATPγS and 1uM 
RecA to pdT13. Thus, dynamic binding and disassociation of RecA on pdT13 are 
observed with both PIFE and lifetime measurements (Figure 31). 
 
6.6 Discussion and Future Studies 
Both fluorescence intensity and fluorescence lifetime cam reflect distinct 
number of monomers bound at a given time.  In addition, PIFE can be used as an 
alternative to FRET for binding studies to observe numbers of monomers bound to a 
certain filament. Although the distance sensitivity on ssDNA was not characterized 
in this study, one can theoretically do so by taking PIFE data on different lengths of 
RecA data. One would need to account for the additive effect that numbers of 
monomers may have on the PIFE effect.  The flexibility of single stranded DNA 
makes PIFE more difficult to characterize.  
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CHAPTER 7: DISTANCE SENSITIVITY OF PIFE VERSUS FRET 
 
 Biological interactions involve a wide range of distance changes between 
molecules. Cytoskeletal motors such as kinesin takes 8nm steps across several 
micrometer long microtubule axis (21) whereas DNA motors such as RNA 
polymerase and helicase move with a single nucleotide step on DNA (22, 23). Here 
we present a systematic calibration of a new single molecule technique PIFE which 
displays sharp distance sensitivity under 4nm range, where FRET signal is 
insensitive (Figure 25). 
 The PIFE method expands the capacity of single molecule fluorescence 
detection to an extensive degree primarily because one can bypass the protein 
labeling. This makes PIFE a readily available tool for probing motions of nucleic acid 
motor proteins as an alternative or complement to FRET. 
 One can also envision using PIFE with two different cyanine dyes placed 
outside of the 4nm range to monitor protein-DNA interactions at two distinct 
locations. With more than one reporter, the ability to observe changes at more than 
one reporter can provide a more complete picture of the system of study. For 
example, if the protein moves between the two dyes, we would be able to show 
changes in the two individual fluorophores. Nevertheless, combined with FRET, 
PIFE is expected to reveal hidden dynamics in short distances such as several base 
pairs and nucleotides. 
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